The objectives of this study were to evaluate the change of molecular weight (MW) profiles in natural organic matter (NOM) through various treatment processes (coagulation, granular activated carbon (GAC), and ozonation) using high performance size exclusion chromatography based on ultraviolet absorbance and dissolved organic detection (HPSEC-UVA-DOC). In addition, relationships between MW profiles and disinfection by-production (DBP) formation were evaluated. Each treatment process results in significant different effects on NOM profiles. Coagulation is effective to remove high molecular weight NOM, while GAC is effective to remove low molecular weight NOM. Ozonation removes only a small portion of NOM, while it induces a significant reduction of UV absorbance due to breakdown of the aromatic groups. All treated waters are chlorinated, and chlorination DBPs such as trihalomethanes (THMs) and haloacetic acids (HAAs) are measured under formation potential conditions. Both THM and HAA formation potentials were significantly reduced through the coagulation process. GAC was more effective to reduce THM formation compared to HAA formation reduction, while ozonation showed significant HAA reduction compared to THM reduction.
Introduction 1
Natural organic matter (NOM) is composed of various types of organic compounds; humic acids, fulvic acids, low molecular weight organic acids, carbohydrates, proteins and other compound classes. The quantity of NOM is commonly represented by the amount of dissolved organic carbon (DOC). Humic substances are the major constituents of NOM: Approximately 50% of the DOC is accounted for by humic substances, while approximately 30% of the DOC is comprised of hydrophilic acids. 1) The remaining 20% of the DOC is carbohydrates (including polysaccharides), carboxylic acids, proteins, and amino acids.
The major issue associated with drinking waters is that NOM is the precursor of disinfection by-products (DBPs) when chlorine is applied. 2, 3) In addition, it exerts a demand for chlorine and other oxidants (e.g., ozone). One of the most effective strategies to reduce the formation of chlorination DBPs is to reduce the amount of NOM prior to chlorination. Various treatment processes, used by water treatment utilities not only reduce the † Corresponding author E-mail: yeominyoon@hotmail.com Tel: +82-2-727-6781, Fax: +82-2-727-6782 amount of NOM, but also induce changes in NOM characteristics, and accordingly result in changes of DBP reactivity. The majority of research has focused on removal efficiencies of NOM through treatment process. [3] [4] [5] [6] [7] [8] However, these studies have provided the limited explanations of NOM profiles and DBP formation through treatment processes. Various methods have been developed for understanding NOM characterization. These methods include spectroscopy using ultraviolet (UV), infrared, fluorescence, water affinity (hydrophilicity and hydrophobicity) using XAD resin, and molecular weight (MW) distribution using gel permeation chromatography and ultrafiltration. Even though the traditional methods are significant to understand the NOM characteristics, these methods usually require the greater effort for detailed structural analysis or represent higher or lower values with regards to chromophoric (light absorbing) and fluorophoric (light emitting) moieties. Chin et al. (1994) used high performance size exclusion chromatography (HPSEC) and determine number and weight average molecular weight; this paper concluded that there was good agreement between HPSEC and other techniques to measure molecular weight for a large and diverse number of NOM samples. While HPSEC with UVA detector shows great potential in determining the molecular weight of humic substances, size exclusion chromatography SEC values are slightly higher than those measured by other methods. 9 ) SEC based on UVA and DOC detection is a recently emphasized technique employed in NOM profiling. [10] [11] [12] [13] The use of HPSEC with sequential UVA and DOC detectors overcomes the limitations of UVA because the DOC analyzer detects virtually all of the organic carbon in the sample. Thus, this method is able to provide further identifying to molecular weight distribution of NOM. Chlorination DBP formation is affected by many variables including pH, temperature, and reaction time. Even under the same chlorination conditions, the diversity of the characteristics of NOM (organic precursor) and Br-(inorganic precursor) concentration results in the different DBP formation, as well as the different distribution of the DBP species. While trihalomethanes (THMs) are readily formed from the reaction of chlorine with non-polar, larger MW NOM, lesser amounts of THMs can be formed from polar and smaller MW NOM. 14, 15) Both aromatic (resorcinol) and aliphatic (pyruvic acid) compounds in NOM appear to react with chlorine and form haloacetic acids (HAAs). 16) Larger molecular weight fractions of NOM readily form HAAs. 15) However, both humic and non-humic fractions are significant to form HAAs.
Unit treatment processes differently remove NOM portions. For instance, coagulation preferentially removes non-polar (hydrophobic) and larger MW NOM over polar (hydrophilic) and smaller MW NOM. The implication is that each treatment process affects the NOM characteristics and the reactivity of DBP formation differently.
The objectives of this research were i) to evaluate the changes of MW profiles in NOM from unit water treatment process including coagulation, GAC, and ozonation using HPSEC with UVA and DOC detectors, and ii) to investigate the relationship between MW profiles and DBP formation. Figure 1 illustrates the schematic of HPSEC-UVA-DOC system. The system is composed with a high performance liquid chromatography (HPLC, LC-20A, Shimadzu) with UVA (SPD-20AD, Shimadzu) and DOC detectors (modified Sievers total organic carbon analyzer 820 turbo). The DOC detector is connected directly to the UVA detector waste line. The DOC detector analyzes DOC every four seconds. A DOC analyzer detects dissolved organic matter through UV/persulfate oxidation. A conductivity detector is utilized to measure CO 2 gas generated. The UVA detector is a sensitive photometer, which is operated over wide wavelength ranges. The UVA wavelength applied in this experiment was based on 254 nm.
Materials and Methods

HPSEC-UVA-DOC
The SEC column separates compounds due to hydrodynamic molecular size. The retention time depends on the effective molecular size. Molecules that are larger than the pore size of the packing material are excluded and elute first. Smaller molecules can penetrate throughout the porous infrastructure and are attenuated. Therefore, smaller molecules have long retention time while larger molecules have short retention time. The column employed in the study was a HW-50S (Grom) column, which has a high cross sectional area (2 cm radius, 25 cm long). Large volume of sample (2 mL) was injected in order to obtain high resolution and low backpressure.
Eluent composition significantly affects separation of components by HPSEC. A 0.025 M Na2SO4 eluent solution with a phosphate buffer solution (0.0024 M NaH2PO4 + 0.0016 M Na2HPO4) was employed in the experiment. Eluent produces an ionic strength of 0.1 M. Standard solutions for the MW calibration curve were made with polyethylene glycol (MW = 200, 600, 2K, and 12K daltons). Details on all these analyses are described separately. 11, 12) 
THMs and HAAs Analysis
Samples were chlorinated with sodium NaOCl and analyzed for THMs and HAAs under formation potential conditions (FP: pH = 7, temperature = 20°C, Cl2/DOC ratio = 3 mg/mg, contact time = 7 days). Four species of THMs and nine species of HAAs were measured by gas chromatography (GC) after liquid-liquid extraction with metyl-tert butyl ether. A GC (Simadzu GC-2010) equipped with an electron capture detector and a DB-1 GC column were used to analyze THMs and HAAs according to EPA method 551. Calibration curves were made with commercial standard solutions (Supelco).
Descriptions of Treatment Processes and Samples
A surface water was collected from Han River located in Gyunggi-Do province, Korea. The Han river raw water sample (HG-Raw) was subsequently treated with several lab scale treatment processes including alum coagulation (HG-Al), iron coagulation (HG-Fe), granular activated carbon (HG-GAC), and ozonation (HG-O3). NOM MW profiles were evaluated with treatment processes. A summary of the lab scale experimental conditions is presented in Table 1 . Table 2 shows a summary water quality of raw and treated waters. Figure 2 shows MW distributions using SEC for the raw water measured with UVA and DOC detectors. MW greater than 10,000 daltons was not included in the analysis since the HS-50K column covers up to 10,000 dalton range. There was somewhat Figure 2) , ii) fulvic-like substance in a range of 430 to 1,200 daltons (A2 and A3, respectively), and iii) humiclike substance in a range of 1,200 to 3,500 daltons (A4).
Results and Discussion
MW Distribution
11,12)
The previous study where fluorescence was employed partially supports these results although the MW ranges are somewhat different from these results. 12) Figure 3 shows the changes of MW distribution with several treatment processes including coagulation, GAC and ozonation. Larger MW NOM (> 1,000 daltons) was preferentially removed by coagulation, while smaller MW NOM (< 450 daltons) was not effectively removed based on DOC detector (Figure 3 ). This result suggests that coagulation is more effective to remove larger MW NOM than the other processes (i.e., ozonation and GAC). The sharp peak at the lower MW range (approximately 300 daltons) is expected to be salt boundary fraction. In addition, this would be influenced by nitrate and other inorganic solutes in the sample waters. Separate studies reported that coagulation is not effective to remove small MW components, while large MW components of NOM are efficiently removed. 17, 18) GAC removed small and medium MW NOM (< 1,500 daltons), while larger MW NOM (>1,500 daltons) was not removed significantly with both UVA and DOC detectors. Unlike coagulation and GAC, ozonation resulted in significant MW changes. Ozonation is effective to reduce NOM size through the entire MW ranges based on UVA detector, while small NOM reduction was observed in a range of greater than 800 daltons (A3 and A4 in Figure 2 ). In addition, the increase in DOC was observed in a lower MW range (A1 and A2 in Figure 2 ). Relatively low removal of DOC occurs during ozonation 19, 20) , while UVA removals of greater than 70% are observed at the high O3/DOC ratios. 21) The result indicates that some of large MW NOM (800 daltons) is transferred to small MW NOM due to breakdown. As a result, coagulation appears to be effective to remove humic-like substance (A4 in Figure 2 ), while ozonation is effective on small MW NOM removal (A1 and A2 in Figure 2) . However, GAC effectively removes small and medium MW NOM, while larger MW NOM (> 1,500 daltons) was virtually not affected.
MW Fractions
Based on the DOC chromatograms, four different molecular size fractions were identified for the samples. As described previously, fraction 1 (A1) had relatively small MW and moderate SUVA values in a range of 100 to 430 daltons (carbohydratelike substance), while fraction 2 (A2) had moderate-low MW and low SUVA values in a range of 430 to 700 daltons (fulviclike substance). In addition, fraction 3 (A3) had moderate-high MW values in a range of 700 to 1,200 daltons (fulvic-like substance), while fraction 4 (A4) had relatively large MW and high SUVA values in a range of 1,200 to 3,500 daltons (humic-like substance). In order to quantify MW distribution, four sections were divided, and the areas of chromatogram for each section were calculated. Table 3 shows the area of each section for four MW fractions. Figure 4 shows a radial shape graph of fraction areas and fraction area percentage, respectively. Figure 4 illustrates that ozonation process has an insignificant effect on the reduction of NOM based on DOC detector, even though UVA detector shows significant reduction through the entire MW ranges. It is also noted that small MW fractions (A1 and A2) were slightly increased through ozonation process. Coagulation shifts large MW distribution to small MW distribution and reduces SUVA values, resulting in less aromatic NOM characteristics. GAC slightly increases large MW and high SUVA portions, while ozonation increases small MW proportions.
DBP Formation and Reactivity
Figures 5 and 6 show THM/HAA formation and THM/HAA reduction under formation potential conditions. Both THM/HAA formation potentials were significantly reduced through the coagulation process. Coagulation was more effective in HAA re- duction than THM reduction. GAC was more effective to reduce THM formation compared to HAA formation reduction, while ozonation showed significant HAA reduction compared to THM reduction. Both MW and NOM compositions are important in THM and HAA formation. Aromatic components containing phenolic groups in NOM are considered as reactive sites of THM, while both aromatic and aliphatic components in NOM appear to be reactive to HAAs. 3, 16) Larger MW fractions of NOM readily form HAAs. 15) In addition, both humic and non-humic fractions are significant to form HAAs. Ozonation significantly reduced specific UVA (SUVA, UVA divided by DOC) levels, indicating that ozone selectively attacks aromatic components in NOM. In addition to SUVA reduction, ozonation also makes higher MW to smaller MW (see Figure 3(b) ). The results exhibited that GAC effectively reduce THM formation, and ozonation preferential reduce HAA formation. Possible explanations are that MW distribution affects significantly in the formation of THM and HAA, and larger MW is more reactive in HAA formation. Further research is needed to verify this result. Figure 7 shows changes in both THM and HAA reactivities (i.e., DBP normalized to DOC) with each treatment process. It is noted that the THM and HAA reactivities varied depending on the treatment processes; coagulation and GAC tended to increase DBP reactivity, while ozonation tended to decrease reactivity. This result implies that GAC are not effective in removing DBP reactive NOM especially in HAA reactivity (e.g., relatively large MW fractions of NOM). Table 4 represents a correlation coefficient matrix describing relationships among MW area and DBP formation. The correla- tion coefficient (r) is used to determine the extent to which values of the two variables are proportional to each other. The correlation coefficient represents the linear relationship between two variables. Strong correlations between MW area and DBP formation were observed. It should be noted that A3 (mediumhigh MW, low SUVA) based on DOC detector exhibited a strong correlation with both THM and HAA formation. A4 (high MW, high SUVA) based on both the DOC and UVA detectors exhibited a strong correlation with HAA formation, while A3 based on the DOC detector showed a strong correlation with THM formation. This result indicates that HAA formation has a stronger relationship with MW distribution (large MW showing a strong correlation with HAA formation) than THM formation (overall MW related to THM formation).
Correlation Between MW and DBP Formation
Conclusions
HPSEC with UVA and DOC detectors is able to identify the molecular weight distribution of NOM present in source water, and NOM removal with various treatment processes including coagulation, GAC, and ozonation. Coagulation preferentially removed larger MW NOM, while ozonation significantly shifted NOM to smaller MW. The result also indicates that HAA formation is more related with MW distribution (large MW has a strong correlation with HAA formation) than THM formation (overall MW relates to THM formation). This study can provide water utilities with valuable information of selective NOM removal efficiencies and DBP reduction with different treatment processes.
